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Abstract In a prospective cohort study of 249 chil-
dren from birth to two years of age, we assessed the
relation between prenatal and postnatal lead exposure
and early cognitive deveiopment. On the basis of lead
levels n umbilical-cord blood, chiidren were assigned
to one of three prenatal-exposure groups: low (<3 ug
per deciiter), medium (6 to 7 ug per deciliter), or
mgh (=10 g per deciliter). Development was assessed
semiannually, beginming at the age of six months, with
use of the Mental Development index of the Bayley Scales
of Infant Development (mean =SD, 100=16). Capillary-
blood samples obtained at the same times provided meas-
ures of postnatal lead exposure.

Regression methods for longitudinal data were used to
evaluate the association between infants’ lead leveis and

N a national survev conducted in the late 1970s,' 40
percent of U.S. children under five vears of age
had blood lead levels above 20 ug per deciliter.
Among citv-dwelling black children, the figure ap-
proached 60 percent. A variety of enzymatic and neu-
rophvsiologic processes are impaired at this concen-
tration.”® Debate persists. however, regarding the
blood lead level at which deficits in children’s learning
and behavior become apparent.”® Limitations inher-
ent in retrospective study designs may account for
some of the controversy.? Detailed histories of chil-
dren’'s exposure to lead and their development are
rarely available, but both are necessary to determine
whether lead exposure precedes or follows the appear-
ance of a developmental deficit. Elevated lead expo-
sure may be a marker of a preexisung handicap rather
than its cause. resulting from the tendency of impaired
children to have pica.'?
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their development scores after adjustment for potential
confounders. At all ages, infants in the high-prenatal-
exposure group scored lower than infants in the other two
groups. The estimated difference between the overail per-
formance of the low-exposure and high-exposure groups
was 4.8 points (95 percent confidence interval, 2.3 to 7.3).
Between the medium- and high-exposure groups. the esti-
mated difference was 3.8 points (95 percent confidence
interval, 1.3 to 6.3). Scores were not related to infants’
postnatat biood lead levels.

It appears that the fetus may be adversely affected at
blood lead concentrations well below 25 ..g per deciliter,
the level currentty defined by the Centers for Disease Con-
trol as the highest acceptable level for young chiidren.
(N Engl J Med 1987; 316:1037-43.)

Some investigators have attempted to determine a
child's cumulative exposure by measuring the lead
content of shed deciduous teeth.''"'* The usefulness of
this tissue as a basis for reconstructing the details of
exposure history has not been established. however.
At present. there is no satisfactorv way to obtain an
adequate developmental history retrospectively.

Some of the methodologic limitations of retrospec-
tive studies can be avoided with a longitudinal design
in which both children’s lead exposure and their
development are periodically measured, starting at
birth. This design allows investigators to measure the
temporal relations between changes in lead exposure
and changes in behavior. Besides suggesting which of
the competing causal models accounts best for the
data. a longiudinal design permits assessment of var-
ious cxposure variables (e.g., dose, timing, and dura-
tion). Few studies in humans have addressed such
issues as the threshoid for icad’s developmental toxic-
ity, the age or ages at which chirdren are most vulner-
able, and the relative effects of long-term and short-
term exposures.

Using a longitudinal design, we obtained repeated
measures of blood lead levels, development. and the
correlates of both in a group of urban children fol-
lowed from birth to the age of two vears. Lead levels in
umbilical-cord blood between 10 and 25 ug per deali-
ter were associated with worse performance on tests of
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infant development administered at six-month inter-
vals through the second vear of life.

MeTHODS
Sampie Selection

Between Aprii 1979 and Apnl [98(. umbilical-cord blood sam-
cles were cuiccted trom the placentas of 11.837 babies born at the
Brignam and Women s Hospitai in Boston. The mean 1 =SD) lead
concentration was 0 6=3.1 ug per deciliter (range. 0 10 371.'% In
recruiing our lon@itudinal sample from this population. our goal
was 1o serect three groups of infants defined by their position within
the distribution o1 salues: below the 10th percenule tlow, at ap-
proximatels the ith percenule rmiddle. or medium exposurei. and
avorve the #th percentile -highy. On the basis of the cord-blood
lead concentrations of the intants born between April and July 1979
approximatels 2300). the criteria for ehgibility in the three expo-
sure groups were established at <3 ug per deciliter. 6 to 7 ug per
deciliter. and =i ug per dectliter, respectivelv. (At the beginning
ot the stuav onlv infants with lead levels >15 ug per deciliter were
ehizible tor the high-exposure group. A 20 percent decline in the
mean cord-blood tead level over the period of sample collection.’® as
weil as ditferent degrees of success in enrolling infants in the three
exposure groups. led us to moditv the elimibilitv critena over the
course of the studv. ”; e obtained umbilical-cord biood samples
for 9489 infants born duning the subsequent 21 months (August
1979 to April 19811, represenung 97 percent of the available pop-
ulation. Those with a blood lead level 1n one of the three target
ranges were provisionally eligible for enroliment in = 1207). To be
included 1n the study, infants also had to sausfv the following cn-
tena: 1 absence of a medical condition considered to be a risk
factor for developmental difficulty (e.g., Down's syndrome. cleft
palate. gestational age <34 weeks, and reunoblastoma); (2) birth
into an English-speaking familv: (3) residence near the Children's
Hospital 1 <19 km in an area considered safe for home visitors, and
:4) maternal consent to be contacted. Families meeting these crite-
ria were sent letters introducing the studv and then telephoned to
request their parucipaton. Those reporting an intention 10 move
from our catchment area in the immediate future were exciuded.
Some tamiiies retused our request. and others couid not be contact-
«d bv either letter or telephone. The final sampie consisted of 249
famibies : Table 1. No infant in the longitudinal sampie had a lead

Table 1. Reasons for Excluding infants Whose Lead Leveis in
Umbtical-Cord Blood Were in One of the Target Ranges.

LxaD Laver e
UnsaicaL-Coap BL00D TotaL

LOW  MEDWUM  HIGN

No. of infants provisionally eligible 424 3%0 393 1207
No. exciuded M9 292 37 958
Reason for excluson®
Lack of maternal conssnt ] 64 63 196
Binth compiicatwont 17 17 4 38
Family not English-speaking 23 18 4 63
Locauon of residences 150 107 108 368
Refusai§ 52 54 61 167
Moving 20 12 10 42
Unreachable 18 20 47 85
No. enroiled 83 18 7 49

*Some nfants were not accepusble for inClus:on for two or more of the followmg rasces:
tack of i bwth {amuly not English-tpsaking. and locsfien of
ressdence Each child was cousesd omly once. sccording 10 the first of thess seassns. Therefose,
except for “lack of masernal consenss. ~ the sumber 1n the iabis undervstimats the wordeace of
the vanous reasoms for exclusion.

*C d Down's sy chest palme, gesmtionnl age
<34 weeks. and others.

tSubjects were excimdnd i they lived > 19 km from Bosion. or it an eres conmdered unsafe
for home visuors.

$Mothers had two opp 10 refuse 10 parucipese. While suli ia the hospual. all the
mothers were askad for permission 10 be contacied 1 the future about partscipating W o follow-
up study Some refused us rEQUESE; IOME WRO gavE CORMIN & thes Ume Ifuesd when subse-
quently conacied.

Aonl 23 (337

level exceeding 235 ug per deciliter. which is the current definttion of
an “elevated” blood lead level. ™ Two thirds of the infants in 'ne
high-lead group 130 of 76) had cord-blood lead ieveis between .
and 13 ug per deciiiter.

Sample Characteristics

The mean socioeconomic standing of the families contrasted
sharplv with that of famihes tvpicallv enroiled in researcn on :he
effects of lead exposure.”®?° In general. the infants were heaithy
products of unremarkable pregnancies. with few ot the charactens-
tics of infants atincreased risk of developmental handicap. Overail.
77 percent of the fathers and 70 percent of the mothers empioved
outside the home at the ume of conception were tn the (0p (wo social
strata according to Hollingshead's index 1combining occupauonal
and educauonal achievement:. Eightv-seven percent of the famiiies
were white, and 92 percent were intact. The differences in these and
most other vanables among the families with intants in the tnree
cord-blood lead groups were slight and generaliy notin the direction
expected on the basis of studies of the social correlates of chiidhood
lead exposure®' (Table 2). Infants with lead levels between 10 and
15 ug per deciliter were compared for this same set of vanables with
infants with leveis above 13 ug per deailiter. The resuits were con-
sistent with those 1n which all three exposure groups were com-
pared. suggesung that infants aireadv at higher nsk of poor out-
come for other reasons did not tend to have higher bicod lead leveis.
Through our choice of deliverv population and eligibilitv cntena,
we were able to dissociate increased lead exposure from other risk
factors. A more comprehensive companson of the groups has been
presented elsewhere.i®

Collection of Developmental Data

Infants and their families were contacted five umes after deliverv,
when the infants were |, 6, 12, 18, and 24 months of age 1SD <2
weeks at all ages). The assessment protocols at each age have been
described eisewhere.*2 The principal outcome measures — the Bav-
lev Scales of Infant Development¢! — were administered at ail ages
except one month. This assessment vields two scores: the Mentai
Development Index and the Psvchomotor Development Index. In
this report, we present longitudinal analvses of the infants’ scores on
the Mental Development Index. an age-corrected scale ‘mean
=SD. 100=16) that assesses infants’ “sensory-perceptual acuities.
discriminauons, and the ability to respond to these: the earlv acqui-
sition of ‘object constancy,” memorv, iearning. and problem soiving
abilitv: vocalizauons and the beginnings of verbal communicauon:
and earlv evidence of the ability to form generalizations and classifi-
cations, which is the basis of abstract thinking.”*?

Five examiners blinded to the infants’ lead levels administered
the Bavley scales. Interexaminer reliability was assessed separatelv
for each age at which the scales were administered. The mean corre-
lation between the Mental Development Index scores assigned by
two examiners observing a third administer the scales exceeded 0.95
at all ages.

Collection and Analysis ot Blood Sampies

Samples of umbilical-cord blood were collected at the ume of
delivery and analyzed according 10 procedures that have previously
been described.'> Specimens were sonicated and acid-digested in a
microwave oven. The lead content was measured in duplicate bv
anodic stripping voltammetry ( Environmental Sciences Associates
{ESA] Model 2014, Bedford, Mass.).

Capiliary blood samples, collected at 6, 12, 18, and 24 months.
were assayed in duplicate or triplicate with an ESA Model 3010
anodic stripping voltammeter with use of an exchange reagent. The
average difference between duplicate assays was | ug per deciliter,
and there was a difference of 3.5 or more in 10 percent of the pairs.
The analytic systems were calibrated with aqueous standards of
known lead concentrations. No interference from varving copper

_ concentrauons was observed. Each baich of samples was accompa-

nied by blood sampies of known lead concentration so that intra-
laboratory variability could be quantified. [n addition, several
standardized blood samples, with lead concentrations measured to
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three significant figures bv i1sotope-dilution mass spectrophotome-
. were ncluded after they became avaiiable from the Centers for
Disease Controi in 1982, Further detatls about the blood lead meas-
<fements are avaiiable elsewhere

In the sample as a whole, the mean blood lead level was <8 ug
der deciliter at all the ages sampied. The differences in exposure
.evel among the three cord-blood groups did not carrv over into the
sostnatal period t Table 31. Although the mean postnatal lead levels
of intants in the high cord-lead group exceeded those ol infants in
:he low cord-lead group at ail ages. the dilference was statistically
significant oniv at 12 montns. The means of the infants in the
medium and high cord-lead groups did not differ significantly at any
postnatal age. Most important. the correiation between cord and
postnatal blood lead level did not exceed 0.20 at anv age.** The
squahity of postnatal exposures 11 groups with widely discrepant
prenaral exposures provided us the opportunity to assess the devel-
spmental effect of prenatal exposure 1n the absence of substantiai
contounding bv postnatal exposure.

Sample Attrition

Fortv-five infants were iost to follow-up at some point in the
study — 1n attrition rate of approximately 10 percent per vear.
The likelihood of ioss increased slightly with
fecreasing lead levels in umbilical-cord
blood y3 = 122 P>0.50). The percent-
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squares mean Mental Development [ndex scores of
the infants in the high cord-lead group were + to0 3
points lower than those of the infants in the low cord-
lead group at all ages (Fig. 1). The mean scores of the
infants in the low and medium groups were simiiar
throughout this age range.

The pattern of the adjusted Mental Development
Index (MDIA) scores illustrates the consistency in
the direction and magnitude of the relation between
Mental Development Index and prenatal lead expo-
sure (Table 5). A plus or minus sign indicates wheth-
er, on average, the infants within a group did better
(+) or worse (—) than predicted at a given age on the
basis of the 12 vanables considered potenual con-
founders. The average MDIA was increasingly nega-
tive with increasing prenatal exposure. The infants in
the low cord-lead group averaged 1.9=0.4 points,
those in the medium cord-lead group 1.2%0.8, and
those in the high cord-lead group —3.4xz1.l. The

Table 2. Charactenstics of Farmilies in the Three Cord-Blood Lead Groups.*

age ot intants who did not compiete ail visits ——
was 21.2. 18.2. and |43 percent for the CHARACTERDITIC Coan-BLOOD Leap Gaour® P VaLutd
low. medlum. and high cord-lead groups, re- Low I MicH
spectively. As compared with the mothers
of the infants who remained in this studyv. Demographic
the mothers who withdrew their children Marual siatus (% single) 17.3 72 10.8 0.13
were more likely to be nonwhite or un- m x;{" 2!.39:;6 w.gs:; : }0.::?‘1 gg?:
married, and their mean age, educational Masernal educationd 16.023.8 16.53.9 16.324.1 0.6
level. IQ, and socioeconomic status were Paernal educancad 17.323.6 18.0=3.6 17716 051
lower. Thev also had lower scores on a meas- Famuly soctal classé 232179 22=1.8 2.3=20 094
ure of the qualitv ol the rearing environ- Reproductive history!
ment they provided for their six-month-oid Gravidity 23212 2.1=1.6 2.3=20 0587
infants.*” Parity o 0.6=0.5 0.5=0.5 04205 014

Miscarriage (% with any) 18.5 0.8 24} 0.08
Cases Excluded from An.lym Index pregnancy

I8 - Y |-

Seven sets of twins enrolled in the study mm:\":::n ﬁg;:g ,éf;?: 4[”',;2; g?il
were not included in the staustical analvses Weight gain (ib) 31.5210.7 320=11.4 28.3=9.8 0.063
hecause of their generaily poorer perform- Hyperension (%) 1.1 8.4 12.3 0.72
ance relauve to the nontwins in the sample. Bleeding (%) 74 96 10 040
Earhier analvses of Mental Development In- * Cigarene smoking (%) .0 349 84 0.14
dex scores at six months of age showed that Smolung duranon (yr) 22236 52=38 6.7=6.6 0.0001
restricung the sample to nontwins did not Alcohol coasumpion (%)** 39 40 00 0.008
affect the results appreciably.'® Another four Labor and delivery§
infants were excluded because of the diagno- ?m:hlﬂﬂ ‘l‘(hl') 8.3722.! 7 3:36 3.31:2.9 g::
s1s ol a serious medical condition known to .‘:':‘lw VG'Y'( ! (%) 403 244 35.2 0.10
he associated with developmental handicap ' starus ’ o ‘ i
congenital heart defect, prenatal toxoplas- : Birth weight (5)1 13162474 1478521 3379=538 0.12
mosis infection, myoclonic seizure disorder, Apgar wore: § min{ 8.920.6 38%0.5 8.820.5 060
and severe hvpotonia). Sex (% male) 59.3 56.6 50.0 0.49

The stausucal analysis is described in the Postaatal environment
Appendix. H.O.M.E. towal scorett

6 Mo 344238 35.1=3.8 353234 0.33
Resurts 24 Mo 36.823.2 37.223.0 37.0=3.1 0.76
Exploratory Analyses Mother's 1Q$3 119.0220.9 123.3=17.1 121.7=18.4 0.38

Infants who had higher lead lev-
els in umbilical-cord blood had
lower crude Mental Development
Index scores during the first two
vears of life. This relation was

Jus 10 chance.

*For dichotomous vanabies. Mmhn-mmcvuubyowcm-mmn For contneows
vanables, group differences were seswd by y of

TPlus-anass values are means =SD.

tindicams P value sssociated with the hypothesss that defferencss among wnfass 10 the three cord-biood iead groups were

§Weightod scores were compusd with uss of Holliagshesd's Four-Factor [ndez of Social States.
1The informancn was

from of ped : otherwsas, It was ODtI0ed it an uMerview with the

stronger when the 12 potential con-
founders were taken into account
{Table 4). Despite a steady increase
with age in the scores of infants in
all three exposure groups. the least-

mother.

{Valuss are the percentages of wommse who reporeed smokiung dunag sy poraos of he ndex pregancy.

**Vajuss are the percentages of womea who rep having oa age. one or more dnnks per week dunng
the therd wymeser of the index pregnancy.

ttH.0.M.E. denoss Home Observanos for s M of dwe &

$3The mosher's IQ was measured with the Pesbody Pcture Vocabulary Test.
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number of positive MDIA scores was determined for
each infant. This corresponds to the number of ages
at which the infant had a Mental Development
Index score that exceeded the predicted value. The
percentage of infants who did not score higher than
predicted at anv of the four ages was three times high-
er in the high cord-lead group than in the low or medi-
um groups ‘23.6 percent vs. 8.5 and 6.5 percent.
respectivelv.

Infants” Mental Development Index scores were not
associated with their prior postnatal or concurrent
blood lead levels.

Longitudinal Analyses

In all the longitudinal modeis fitted. the lead varia-
bles most strongly associated with MDIA scores were
those that compared the overall level of performance
of infants in the low and high cord-iead groups or the
medium and high cord-lead groups. The estimated
deficit in the overall MDIA score of infants in the high
cord-lead group was 4.8 points (35 percent confidence
interval. 2.3 1o 7.3; P = 0.0001) with respect to the
infants in the low group, and 3.8 points (93 percent
confidence interval. 1.3 10 6.3; P = 0.004) with respect
to infants in the medium group.

Age trends in MDIA scores were not significantly
related to cord-lead group (Model 2} or to early post-
natal lead exposure (Model 5). Similarly, MDIA
scores were not related significantly to the blood lead
concentration at the time of developmental assess-
ment ( Model 3) or to curnulative postnatal iead expo-
sure up to the time of assessment (Model 4). (Addi-
tional details about the models and their relative fit
are available from the authors.)

Discussion

Infants with lead levels in umbilical-cord blood of
10 10 25 ug per deciliter — levels currendy considered
acceptable — had stable performance deficits of 0.25
to 0.5 SD during the first two years of life, relative to
infants with levels under 10 ug per deciliter. Postnatal
blood lead levels of comparable magnitude, measured
during the first two years of life, were not associated
with performance deficits.

This association between development and prenatal
lead exposure but not between development and post-

Table 3. Biood Lead Leveis in Infants Classified According to

Cord-Biood Lead Group.
T

Coap-BLooo
Leao Gaour PLOOD LiAD LavaL (msan =3D)

"N 6 MO 12 mot 18 0 +2¢ MO

micrograms per decrliver

Low 1.8206 46239 38251 67255 S4z48
Medium 6.520.3 70278 85276 83253 72:50
High 14.623.0 7.0=8.7 88264 76258 71.7=288

*Each value 15 sigmficandly differem from the other two (Tukey's stadentiasd range teat:
a = 00%).

*The value for the low-lesd group s ugmficamly differont (rom e other two valwes
(Tukey s studesnized mage wst; a = 0 05).

Table 4. infants’ Mentai Development Index Scores Accoraing 1o
Cord-Blood Lead Group.

Zix-iLoo0
LEAD UAOLT MENTAL DEvELOPMENT INDEX ScORE
5 wo L -1 M0 4 wo
megn =5D
Crude score .
Low 109.2=129 113 1=12S (134=155 1159=172
Medium 1086=120 11542129 1166=167 [199=]44
High 106.1=11.1 108.7x12.8 1095=175 1|06=165
mean =SE
Controtied for potenual confounders*®
Low 110.2=1) 1147216 116.2=19 1i89=18
Medium 108.0=13 1144=1 5§ 1148219 17 8=1.7
High 1059=1] 4 108 9=1.6 109.5=20 Hil=t8
P valuet 0.095 0.020 0 049 Q 006
No. of infants$ 201 199 187 182
*Least-squares mess =SE. denived from regr that 12

confounders (368 t€xt) and cord-biood lead group coded as 'wo INAICOP vANaDies

“Indecases P value assocised with the F rano that evaluates whether the mean Meatal
Deveiopmem ladex for any cord-blood lead group differed sigmufs y from e

mean after p were for

$The numbers of nfams a the four ages differ from one another aed from those shown 1n
Tabie | becsuse of (1) loss 1o follow-wp Menta De ndex and
i2) the exclusion from the analyses of rens. nfants with appang ang
nfaots for whom the Mentai Devetop Index or values were unavaiiabie.

natal lead exposure may be interpreted in one of three
wayvs. First, it may have been an artifact of study de-
sign. We selected for extremes of prenatal lead expo-
sure but not for extremes of postnatal lead exposure.
The mean lead level in the cord blood of the infants in
the high group exceeded the mean level of the infants
in the low group by a factor of 8, whereas the mean
postnatal blood levels of lead in the two groups were
much more comparable, never differing by more than
3 ug per deciliter. Although this design allowed us to
appreciate an association between development and
prenatal lead exposure, it may have limited our abilitv
to perceive a small postnatal effect.

Second, early postnatal exposure corresponding to
blood lead levels in the upper portion of the range
from 0 to 25 ug per deciliter may not adversely affect
infants’ performances on the Bayley Scales.?

Third, adverse effects associated with postnatal ex-
posures in this range may be discernible only at later
ages or in infants who are at greater risk of poor out-
come on the basis of socioenvironmental factors than
those in our sample.

The performance deficits we observed were consis-
tent with studies in primates in which learning deficits
produced by the prenatal or early postnatal adminis-
tration of lead persisted in some cases for several years
after the blood lead levels of the exposed animals fell
to the control level.?”-32 This may be attributable to
the fact that brain lead levels remain elevated consid-
erably longer after a short-term exposure than do
blood lead levels.’?3*

Like malnutrition and other developmental insuits,
lead’s adverse effects may be expressed most dramati-
cally when exposure occurs in conjunction with other
factors that compromise a child's development. In-
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Figure 1. Mean Mental Development index Scores at Four Ages
in infants According to the Lead Level in Umbilical-Cord Biood.

Scores are ieast-squares means obtained by regressing Mental

Deveiopment Index scores on the cord-biood lead group and 12

vanabies considered (0 be potentiai confounders. Error bars rep-
resent 1 SD. For clanty, bars extend only in one direction.

deed. in a German study of school-aged children,
visual-motor integration and reaction-time perform-
ance were adversely affected only among the children
exposed to lead who were also socially disadvan-
taged.*> If this is also true for prenatal lead exposure
and earlv infant development, our sample provides a
conservative assessment of the association. The early
results of another longitudinal study of the develop-
mental effect of prenatal lead exposure, conducted in
a less sociaily advantaged sample, support this inter-
pretation.’®

Our sample, a relatively homogeneous group of
families willing to contribute substantial time and ef-
fort to participate in longitudinal research, cannot be
considered representative of the population of U.S.
infants. The increasingly high Mental Development
Index scores over the 6- to 24-month period of infants
in all the exposure groups are most likely due to the

overrepresentation in this sample of infants from fam- .

ilies in the higher socioeconomic strata. [n addition,
the mean biood lead level of the sample as a whole
never exceeded haif the mean level of U.S. preschool
children.' and infants with serious handicaps or char-
acteristics strongly associated with handicap were ex-
cluded from the sample. In addition, infants were not
sampled in such a way that the distribution of levels
of cord-blood lead matched the distribution in all
infants.

LEAD EXPOSURE AND EARLY COGNITIVE DEVELOPMENT — BELLINGER ET AL, Y

Some of the design features of our studv would be
expected to reduce the likelithood that an etfect of pre-
natal lead exposure would be perceived. Indeed. the
association did not become significant uncil after aa-
justment tor potential confounders. Moreover. the es-
timate of the prenatal effect became larger and its
significance level more extreme the greater the num-
ber of potential confounders inciuded in the regression
equation.’” This finding is unique among lead studies
and can be attributed to the fact that the more socio-
economically advantaged infants in our sample tended
to have higher levels of lead in umbilical-cord blood. *®
On the basis of a regression equation consisting of the
12 potential confounders, the predicted Mental Devei-
opment [ndex scores of the infants in the high cord-
lead group were higher than the predicted scores of
the infants in the low cord-lead group at all four ages.
As a result, adjusting for these variables enhanced
rather than reduced the estimate of lead’s association
with Mental Development Index scores.

The adequacy of the lead level in umbilical-cord
blood as an indicator of intrauterine iead exposure has
not been studied in detail. The lead level in cord blood
is strongly correlated with the concurrent lead level in
the mother's venous blood.***? The mother's lead lev-
el appears either to remain stable or to decline slightly
over the course of pregnancy.***''*3* Nevertheless,
we advise caution in extrapolating the lead exposure
throughout pregnancy from just one blood measure-
ment at the time of delivery.

The pattern of attrition in this study provides a
striking example of the bias that can occur when loss
to follow-up is related to the exposure or the outcome
of interest and the statistical approach employed uses
only subjects for whom complete data are available.
Although the overall rate of attrition did not vary
significantly among the prenatal-exposure groups. the
relation between loss to follow-up and development
did. The infants in the low cord-lead group who did
not complete the study tended to have more improve-
ment in performance over the period of their paruci-
pation.than did the infants in the low group who re-
mained in the study. Those in the high cord-iead

Table 5. Infants’ Mean Adjusted Mental Development Index
Scores (MDIA) According to Cord-Blood Lead Group.*

Coan-8L000
Laao Geour MOIA Scoess
4 w0 12 Mo 13 MO 24 wo
Low
Mean score =SE 1.7221.20 146=1.46 2.12=178 228=1.58
No. of infanest 70 69 68 61
Medium
Mean score =SE  -0.06=1.25 [.60=1.38 122=1.76 182=160
No. of infantst 70 70 63 63
High
Mean score =SE  ~1.90=(.21 -3.54=1.54 -)81=1.97 -438=176
No. of infanst 61 60 57 58

*“The MDIA score 13 the residual of the regression of Mental Deveiopment indes on the i1
d } f MDIA scores are the dependent vanabdies i ive

Ion[luﬂ.dudyl..r
*Values are the numbers of infams for whom MDIA scores were avaulabie.
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group who did not complete the scudy tended to have
a greater decline tn performance over the period of
their parucipation than did the infants in the high
group who remained in the studv. Basing the longitu-
dinal-modeling analvses onlv on the infants for whom
Mental Development Index scores were available at
all four ages would have biased the result toward un-
deresumation of the relation between prenatal lead
exposure and development.**®

Recent estimates of lead levels in umbilical-cord
blood in subjects in urban areas are tvpically 7 to 9 ug
per deciliter. with an SD of 3 to +.!3:39:47-30 Thus, more
than one tourth of all newborns in these areas mav
have lead levels comparable to those of the infants in
our high-exposure group (i.e., 210 ug per deciliter).
If replicated in other samples. our findings suggest
that the current standard of the Centers for Disease
Control for acceptable blood lead leveis in voung chil-
dren (<25 ug per deciliter) should not be applied to
fetuses.

We are indebted to the families partcipaung in this research: to
Mollv Nichols (project coordinator), Joan Hargrave. M.S.. Paula
Weiss. M.A.. and Judv Clouston. who conducted the developmenial
assessments; o Stephen Schoenbaum. M.D.. Sharon Taitz, R.N.,
Kacthv Finn Sullivan. R.N.. Linda Stone. R.N.. and the delivery
staff of the Brigham and Women's Hospital. who helped collect
umbilicai-cord blood samples; to Mare Betts and Michael Burley,
who collected the postnatal blood samples: to Elizabeth Allred.
M.S.. who assisted with data management, programming, and sta-
tistical analvses: to Jone Sioman. Ph.D.. and Angelos Hartzakis.
M.D.. who provided manv helpful comments on the manuscript;
and to several Joural reviewers for their suggestions.

AprPENDIX: STATISTICAL METHODS

Data analvses were conducted in two stages. First. the associ-
auons between the various lead measures and Mental Development
Index scores were examined separatelv for each age. The goal was
to suggest hvpotheses to investigate in the second stage. These ex-
ploratorv analvses consisted of ordinary least-squares multiple re-
gressions 1n which Mental Development [ndex scores were re-
gressed on the cord-blood lead categorv and a set of 12 factors
generallv associated with infant development: the mother’s age,
race {white or nonwhite), 1Q,*' education. number of vears of ciga-
rette smoking, and number of alcoholic drinks per week in the third
tnmester of pregnancy; the mean family social class over the period
of the studv (according to the Hollingshead Four-Factor Index): the
qualitv of the care-giving environment>; and the infant's sex, birth
weight, gestational age. and birth order.

[n the second stage, longitudinal analvses were carried out.with
use of weighted regression.>? This was considered more appropriate
than ordinary least-squares regression, because it takes into account
the correlation between an infant’'s Mental Development Index
scores at different ages. In these analyses. adjustment for potential
confounders preceded evaluation of lead’s contributions o Mental
Development Index scores. The dependent variabies — the adjust-
ed Mentai Development Index (MDIA) scores — are the residuals
of the regression of Mental Development Index scores on the 12
potential confounders listed above. Because the relation between a
potential confounder and infant performance may change with
time, Mental Development Index scores were adjusted in four sepa-
rate regression analyses. one for each age. In both exploratory and
longitudinal analvses, the cordsjead group was represented as two
indicator variables, with the high group as the reference group.
Postnatal blood lead levels. transformed to their natural logarithms,
were treated as contiftuous vanables.

Five models were fitted, each postulating specific reiations be-
tween MDIA and lead exposure during different periods. These
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models were chosen to assess the etfect of prenatal and postnatai
lead expesure on the overai) level of pertormance and rate of change
n the MDIA seore. Afl five inrluded a term reraning prenata) exon-
sure 1cord-lead grouo; to ine mean MDIA score The simpies: moa-
el ' Model |- considered no other influences. Other modeis inciuded
terms representing more compiex reiauons. Model X, prenatas iead
exposure atfects the temporal change 1in MDIA score: Mode: 3.
biood lead level at the ime of assessment atfects the MDIA score.
Model 4. cumuiative lead exposure up o the ume of assessment
atfects the MDIA score: and Model 3. the blood lead level at the age
of six months interacts with the cord-iead group o affect a subse-
quent temporal change in the MDIA score.

[n all the models. MDIA scores tor an individual child at tne 'th
\isit were expressed as the sum of the mean u. and a ranaom
camponent ¢

MDIA, = u -~

where the e;s for a2 child have a multivanate normai distribution.
with 2 mean of 0 and an arbitrarv covaniance matnx I. assumed to
be the same for all children for whom data were compiete ‘1.¢.,
MDIA scores were available for each age:. For children with incom-
plete data, the appropriate rows and columns were deleted from the
covanance matnx.

The covanance matrix was estimated from the data with use of
an iterative algorithm. In a first step. £ was esumated bv computing
the sample covariance matrix of the residuals of the ordinarv 1un-
weighted) least-squares estimate of the regression of the MDIA
score against the lead-exposure vanabies. The inverse of the esu-
mated £ provided the weights given to the observations made in a
child. These were then used to compute the weighted least-squares
estimates of the coefficients and their standard errors.

Parallel analvses were conducted in which two features of the
method were varied. In one set (Waternaux C. Laird NM. Ware
JH: unpublished data). adjustment was made for potenual con-
founders selected empiricailv iviz.. those determuned to be re-
sponsibie for any differences between crude and adjusted esumates
of lead’s association with Mental Deveiopment Index scores.’® In
the other set. unadjusted Mental Development Index scores were
subjected to regression. in a one-stage anaivsis. on the |2 confound-
ers and the lead terms spectfied in the various models. These alter-
native approaches produced results equivalent to those obtained in
the two-stage analvsis thatinvolved adjustment for the {2 confound-
ers listed above. Only the results of the latter sets of anaivses are
presented.

The algorithm for iterative weighted least-squares regression was
programmed with use of the Statistical Analvsis Svstem.’ All
P values are two-tailed.
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